All-optical switch with two periodically curved nonlinear waveguides 
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We propose a type of all-optical switch which consists of two periodically curved nonlinear optical 
waveguides placed in parallel. Compared to the all-optical switch based on the traditional nonlin- 
ear directional coupler with straight waveguides, this all-optical switch has much lower switching 
threshold power and sharper switching width. 
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I. INTRODUCTION 



The nonlinear directional coupler (NLDC), a device 
consisting of two parallel straight nonlinear waveguides, 
has received much attention for its potential applica- 
tions as a type of all-optical switching device^'^'^. Its 
switching operation is based on the intensity-dependent 
power transfer between its two coupled waveguides^. For 
a continuous-wave (CW) laser beam, the beam can be 
directed towards different output ports of the NLDC de- 
pending on whether the input power exceeds a threshold 
(or critical) power Pc- At low input power, most of the 
light emerges from the neighboring waveguide; at high 
power above Pc, most of the light remains in the launch- 
ing waveguide. Therefore, the change in the input power 
can cause light to be switched from one waveguide to the 
other. 

However, the application of the NLDC as an all-optical 
switch is limited by its high threshold on switching power. 
There were two approaches to improve its performance 
or to make it applicable. One approach is to use a pulsed 
beam to lower the overall demand on the laser power 
as a CW beam would. Both picosecond and femtosec- 
ond lasers have been used to successfully demonstrate 
the all-optical switching in a NLDG^i^ii. But experimen- 
tal results also showed some drawbacks. For example, an 
optical pulse usually breaks up at the output ports and 
the switching is not as sharp as the case of CW beams. 
The other is to use materials with relatively larger Kerr 
nonlinearity but this usually leads to a slower response 
time^i^. 

In this paper, we propose a different type of all-optical 
switch with much lower threshold on switching power. 
As illustrated in FiglTJ this device is made of two peri- 
odically curved nonlinear waveguides placed in parallel. 
It can be regarded as a modification of the traditional 
NLDC which consists of two straight waveguides. Due 
to the effect of nonlinear coherent destruction of tun- 
nehng (NCDT)!^, this modified NLDC can function as 
an all-optical switch at an appropriate length. This all- 
optical switch has lower critical power since the period- 
ical bending of the nonlinear waveguides can effectively 
increase their nonlinearity. In addition, this device has 
sharper switching width. Such a curved switch permits 
in principle arbitrarily low switching threshold power; its 
only foreseeable drawback is longer coupling length. This 
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FIG. 1: Schematic drawing of a periodically curved all-optical 
switch. The two curves represent two waveguides. The laser 
light switches its output waveguide when the laser power is 
changed from above to below a threshold value. 



work is motivated by a recent experiment with two cou- 
pled periodically curved linear waveguidesii and the the- 
oretical extension to the nonlinear casein. 



II. STRAIGHT ALL-OPTICAL SWITCH 

Before we fully discuss our proposed switch, we give a 
brief introduction to the traditional NLDC. This device 
is made of two straight nonlinear waveguides which are 
placed in parallel adjacent to each other so that they are 
coupled optically. The operation of the NLDC as an all- 
optical switching was studied in detail by Jenseiii. He 
showed that if all the light is initially shined into one 
waveguide with the input power Pq, then the amount of 
the light remaining in the launching waveguide is given 
byi^ 



Po 



[1 + cn{TrL/Lc\m)] 



(1) 



where L is the length of the coupler and cn(7rL/Lc|m) is 
the Jacobi elliptic function^^ . The parameter Lc is called 
the coupling length representing the shortest length for 
the light switching from one waveguide to the other with- 
out nonlinearity. The other parameter m is defined as 
m = {Pf)/PcY with Pc being the threshold (or critical) 
power and given by^i^ii 



Pc = \acs/Lcn2, 



(2) 



Here A is the free space wavelength of the light, deff is 
the effective cross-section of the waveguide, and n2 is the 



2 



Kerr nonlinear coefficient (or nonlinear refractive index 
) . The analysis of the elliptic function cn shows that the 
NLDC can function as a switch: most of light stays in the 
launching waveguide if the input power Pq is above the 
critical power Pc and switch to the neighboring waveg- 
uide if Po < Pc- 



III. PERIODICALLY CURVED ALL-OPTICAL 
SWITCH 

Our proposed all-optical switch is a modification of 
the NLDC by replacing the two straight waveguides with 
two periodically curved nonlinear waveguides as shown 
in Fig. [TJ In the following discussion, without loss of 
generality we focus on the case where the two waveg- 
uides are bent sinusoidally along the propagation direc- 
tion z. Specifically, the profile of the waveguide is given 
by xoiz) = Acos(27rz/A) with an amplitude A and a 
period A. 

Since the light is strongly localized in the y direction^i. 
In this case, the light propagation in this nonlinear di- 
rectional waveguides is described by an effective two- 
dimensional wave equationi^iiiii^ 



+ y[x-xo(z)]V'-n2|V'lV, (3) 



where V{x) = [n^ ~ n^(x)]/(2ns) ~ rig — n{x), 
where n{x) and Us are, respectively, the effective 
refractive index profile of the waveguides and the 
substrate refractive index. For the coupled waveg- 
uides, n{x) and thus V{x) have a double-well struc- 
ture. The scalar electric field is related to ip through 
E{x,z,t) = (l/2)(n,eoCo/2)-i/2[V'(cc,z)exp(-i/ccot + 
ikusz) + c.c], where k = 27r/A, cq is the speed of 
light, and cq is the dielectric constant in vacuum. 
The light intensity / (in W/ni?) is given by / = 
[■i/jp — {ns€QCa/2)\E\'^ . With the Kramers-Henneberger 
transformation"'^'*, x' — x — X{){z)^ z' = z, and 0(x', z') = 

4i{x' , z') eyiY)[-i{2ns'K / X)xq{z')x' - i{nsTT/X) d^ioCO] 
(the dot indicates the derivative with respect to z'), we 
have 



i^^^Hoq^-nM^cjj + x'Fiz') 
Ztt cIz 



(4) 



where Ho = -^^£72 + V{x') and F{z') = 12^^0(7.') ^ 
(47r^^ns/A^) cos(27rz'/A) can be regarded as a "force" 
induced by the bending waveguide. 

Due to the double- well structure of V{z'), we apply 
the two-mode approximatio n -''^i^^ and write 0(x',z') = 
^--^Eoz ^ci{z')ui{x') + C2{z')u2{x')], where ui and U2 
are localized waves in the two waveguides and the two 
coefficients are normalized to one, |cip -I- |c2p = 1. 
Eq is defined as i?o = / 2^o'"i,2'^2;'- It is reason- 
able to assume that the localized wave is a Gaussian, 
^1,2(2;') = VDexp[—{x' ± a/2)^/26^], where a is the dis- 
tance between the two waveguides, b is the half-width 



of each waveguide, and D is related to the input power 
of the system Pq as D = PQ/{y/TTb). Po has the unit of 
W/m. This two-mode approximation eventually simpli- 
fies Eq.© to 

V S 

ici = -C2 - — cos(a;z')ci - xlcipci, (5) 

V S 

ic2 = 2*^1 + ^ cos(a)z')c2 - x\c2?C2, (6) 

where S = ^tv" aAugj v = 47r(/ u\HoU2dx) / \, uj = 
27r/A, and x — V2TTn2Po/ {Xb). Since the real waveguide 
is 3D, we replace 6 in x with CTeff to relate our nonlinear 
parameter x to real experimental parameters and write 
X — 2TTn2Po/X(Jcg-^''^, where Po has the unit of W. When 
5 = 0, Eqs. (IHMSl) are reduced to the well-known Jensen 
equation, where the critical power is defined as Pc — 
2vPq I X and the coupling length Lc is related to v through 
Lc = Tr/ii. Combination of these relations leads to the 
critical power Pc in Eq.Q. 
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FIG. 2: Relative output powers as functions of the input 
power for three different values of S/tJ at iojv — 10. The 
solid lines are for the launching waveguide while the dashed 
lines are for the neighboring waveguide. The input power Po 
is scaled by the threshold switching power Pc- 



The presence of the periodical curvature in the two 
coupled waveguides strongly affect the behavior of the 
all-optical switch. To investigate this effect, we solve 
Eqs. (O and ([6]) numerically. Figure [2] shows the rel- 
ative output power (to the total power) as a function 
of the input power for three different values of the ra- 
tio S/u! with ui/v = 10. We observe two trends as the 
ratio S/u! is increased. First, the threshold switching 
power P^' decreases. Second, the width of the switch- 
ing step becomes smaller. This demonstrates that by 
increasing the amplitude of the periodic curvature one 
can improve the performance of the all-optical switch in 
two aspects: lowering the threshold switching power and 
sharpening the switching. We have computed numeri- 
cally how the critical switching power changes with S/lu 
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for two different values of ratio Lojv. The results are plot- 
ted in Fig[3I^a), showing a significant lowering of thresh- 
old switching power as Sjio increases. To measure the 
width of the switching steps in Fig|21 we introduce a new 
quantity AP, which is the distance between the two posi- 
tions of the input power where the relative output powers 
are 25% and 75%, respectively. Figure [D^b) shows that 
the switching width AP becomes smaller with increasing 
S'/oj, i.e., the switching becomes sharper and sharper as 
Sjuj increases. 

To better understand the above results, we consider 
the high frequency limit, u) ^ max{i;,x}, which is 
usually the case for current experiments with optical 
waveguides. We take advantage of the transformation 
ci^2 = 2 exp[±zS'sin(ti;z')/2a;]. After averaging out the 
high frequency terms, we arrive at a non-driving nonlin- 
ear mode l^°'^^ , 

= ^Jo(^M4-x|c'i|M, (7) 

*4 = |jo(5Mc;-xi4iV2, (8) 

where J[){x) is the zeroth-order Bessel function^^. These 
two equations are exactly the Jensen equations^ except 
that the coupling constant v is renormalized by a fac- 
tor of Jq{S/lo). This shows that all the effect of the 
periodic bending is manifested in the renormalized fac- 
tor Jq{S/uj). Consequently, the nonlinear parameter x 
is effectively increased by a factor of 1/Jq{S/uj) and the 
threshold power is lowered by a factor of Jq{S/lo) 

P', = Xa,sMS/w)/L,n2 = PcMS/uo) . (9) 

This implies that arbitrarily low switching powers may be 
obtained when the ratio S/lo is chosen to be close to the 
first zero of the Bessel function Jq{S/lo). This analytical 
result is compared to our previous numerical results in 
Figure [2Ia) and they match very well. The switching 
width can also be computed by combining Eq. ([9]) and 
Eq.(I2]). The results agree very well with our previous 
numerical results as seen in Fig|3{b). 

As in the traditional NLDC, an appropriate length has 
to be chosen for our device to function as an all-optical 
device. For the traditional NLDC, the length is the cou- 
pling length Lc- For our device, the appropriate length, 
which may be called switch length, is given by 

L'^ = LjJo{S/u). (10) 

Together with Eq. ([5]), this indicates that to lower the 
threshold switching power we have to make a sacrifice by 
using longer waveguides. In fact, if one wants to lower 
the critical switching power by a factor, then one has to 
use waveguides which is longer by the same factor. 



As an example, we take the experimental parameters 
in Ref.^ to estimate our theoretical values in Eqs. © 
and pU|) for a given ratio of S/lo. In this experiment, the 
wavelength of the laser light is A = 0.62/im, the effective 
cross-section area of the waveguide is ~ 15/im^, the 




FIG. 3: (a)Threshold switching power as a function of the 
ratio S/u). (b) Switching width as a function of the ratio 
S/lo. The open circles are for lo/v = 10, the squares are for 
Lo/v = 20, and the solid lines represent the theoretical results 
at the high frequency limit. 



nonlinear index n2 = 3.2 x lO^^^cm^/W, and the cou- 
pling length L = Lc = 5mm. The critical power is thus 
Pc — 60 kW. For the periodically bent coupler, we choose 
S/io K, 2.38, which means Jo(2.38) w 0.01. As a result, 
the threshold switching power is lower by a factor of 100 
and becomes P'^ — 600W while the switch length of the 
coupler is L' = 0.5m. 



IV. CONCLUSION 

In conclusion, we have proposed a modification to the 
traditional NLDC by bending the nonlinear waveguides 
periodically. When this device functions as an all-optical 
switch, it has much lower threshold switching power and 
sharping switching. 
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